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Signal transduction pathways initiated by growth factors and their specific receptor protein tyrosine kinases (RPTKs) are essential for the proper regulation of cell proliferation and differentiation. Furthermore, genetic studies are now beginning to reveal the importance of R-PTK-initiated signaling pathways during many aspects of development. In Drosophila, loss-of-function mutations in the torso R-PTK alters proper determination of cell fates at the termini of the embryo, whereas the sevenless R-PTK is required for R7 photoreceptor cell differentiation during compound eye development (Baker and Rubin 1989; Simon et al. 1992) . In Caenorhabditis elegans, genetic screens have led to the identification of two R-PTKs, , that are required for multiple developmental events (Aroian et al. 1990; DeVore et al. 1995) . LET-23, a homolog of the mammalian epidermal growth factor receptor (EGFR), has been demonstrated to participate in several aspects of development, including vulval induction, oocyte activation, and male tail development (Aroian et al. 1990; Aroian and Sternberg 1991; Lesa and Sternberg 1997) . Analysis of mutations in egl-15, which encodes a fibroblast growth factor R-PTK (FGFR) homolog, revealed that EGL-15 signaling specifies proper migration and positioning of the sex muscle cells, as well as other developmental processes that are yet to be characterized (DeVore et al. 1995) .
Specificity of R-PTK signaling is thought to be achieved, at least in part, by interaction of the activated R-PTK with multiple intracellular regulators of signal transduction. For example, in addition to interacting with the SH2/SH3 adaptor protein Grb2, mammalian R-PTKs have also been demonstrated to bind, in a liganddependent fashion, phospholipase C-␥ (PLC␥), Ras GTPase-activating protein (RasGAP), Shc, the p85 subunit of phosphatidylinositol-3-OH kinase (PI3K), and the SH2 domain-containing protein tyrosine phosphatases SHP-1 and SHP-2 (for review, see Pawson 1995) . The SHPs are a class of evolutionarily conserved signaling molecules that interact with and regulate signaling from activated R-PTKs (Neel and Tonks 1997) . Structurally, these proteins contain two SH2 domains at their amino terminus, and a conserved protein tyrosine phosphatase catalytic domain at the carboxyl terminus. In addition, a predicted phosphotyrosine-containing motif has been noted in the extreme carboxy-terminal segment. To date, two mammalian SHPs, SHP-1 and SHP-2, have been cloned (Shen et al. 1991; Freeman et al. 1992; Plutzky et al. 1992; Ahmad et al. 1993) . SHP-1 is expressed predominately in hematopoietic cells where it regulates negatively signaling from the receptor for erythropoietin (Epo), as well as the c-kit and colony stimulating factor 1 (CSF-1) R-PTKs (Klingmuller et al. 1995; Chen et al. 1996; Lorenz et al. 1996; Paulson et al. 1996) . In contrast, SHP-2 is expressed ubiquitously and functions primarily as a positive mediator of R-PTK signaling. Biochemical analyses have revealed that SHP-2 binds through its SH2 domains to the tyrosine phosphorylated platelet-derived growth factor receptor (PDGFR), EGFR, and R-PTK substrates such as the insulin receptor substrate-1 (IRS-1) and SHP substrate-1 (SHPS-1) (Kuhne et al. 1993; Lechleider et al. 1993a; Fujioka et al. 1996) . Overexpression or microinjection of a catalytically inactive, dominant-negative SHP-2 inhibited both EGF-induced and insulin-induced mitogen-activated protein kinase (MAPK) activation, demonstrating that protein tyrosine phosphatase (PTP) catalytic activity is required for positive regulation of R-PTK signaling (Milarski and Saltiel 1994; Yamauchi et al. 1995; Bennett et al. 1996) .
Genetic and molecular analyses have clearly defined essential roles for SHPs in the regulation of signaling during development. The requirement of SHP-1 for hematopoiesis was illustrated by the finding that a spontaneous mutation of shp-1 causes multiple hematopoietic defects, resulting in the lethal motheaten phenotype (Shultz et al. 1993 ). Mice containing a targeted disruption of the SH2 domains of SHP-2 have severe gastrulation defects, which may be a consequence of the decreased activation of MAPK by the FGFR in cells derived from these mice (Saxton et al. 1997) . Experiments where a catalytically inactive, dominant-negative form of the Xenopus SHP-2 homolog XSHP-2 was microinjected into Xenopus embryos yielded animals with severe tail truncations and also inhibited FGF and activin-mediated mesoderm induction in ectodermal explants (Tang et al. 1995) . Loss-of-function mutations in the Drosophila SHP corkscrew have revealed an essential and positive role in transmitting signals initiated by both the torso and sevenless R-PTKs (Perkins et al. 1992; Allard et al. 1996) .
These genetic and molecular studies indicate that SHPs are integral regulators of R-PTK-initiated signal transduction pathways. Therefore, to further our understanding of the developmental role of SHPs and their regulation of R-PTK-initiated signals, we have cloned and subsequently isolated a loss-of-function mutation in ptp-2, a C. elegans gene that encodes a SHP. Our genetic analyses indicate that PTP-2 function is required for proper oogenesis, where it functions upstream of, or in parallel to, Ras. Furthermore, PTP-2 also participates in the regulation of signal transduction during vulval development, in a manner that apparently modulates the intensity or strength of the inductive signal. Thus, a differential requirement for PTP-2 activity exists within distinct developmental programs in C. elegans.
Results

Identification and cloning of ptp-2
To identify novel PTPs in C. elegans, we designed degenerate PCR primers to conserved motifs present in all PTP catalytic domains and used them to amplify putative PTPs from wild-type (N2) C. elegans genomic DNA. The PCR-amplified products from this screen were subcloned and subjected to DNA sequence analysis. The predicted translated product of one PCR-amplified fragment, ce17, showed higher sequence similarity to the SH2 domain-containing PTPs (A.J. Flint and N.K. Tonks, unpubl.) and was pursued further.
To isolate the full-length cDNA, we generated a probe by designing PCR primers to amplify a 504 bp fragment that is predicted to encode the second more carboxyterminal SH2 domain of this putative PTP (see Materials and Methods). This PCR-amplified product was then used to probe a C. elegans mixed stage cDNA library. After screening ∼300,000 plaques, we isolated 20 positive clones, 13 of which contained cDNA inserts of ∼2.8 kb. These clones were sequenced and found to be identical, and we will refer to this gene as ptp-2 (for protein tyrosine phosphatase homolog). One clone contained an additional stretch of 8 nucleotides at the 5Ј end that are not encoded by the ptp-2 locus, but are identical to the SL1 trans-spliced leader (Fig. 1A ) (Blumenthal and Steward 1997) . The presence of an SL1 spliced leader sequence and the fact that the putative initiating methionine is directly downstream of a consensus translation initiation sequence strongly suggests that this cDNA corresponds to the full-length ptp-2 transcript.
The predicted structure of PTP-2 displayed similarity to the previously characterized SHPs in that it contained two tandem SH2 domains at the amino terminus and a carboxy-terminal PTP catalytic domain. Interestingly, PTP-2 lacks the carboxy-terminal, phosphotyrosine-containing motif pY-X-N-X, a sequence that is conserved between the human, mouse, Xenopus, and Drosophila SHPs. PTP-2, like the vertebrate SHPs, does not contain the ∼150-amino-acid, serine-and cysteine-rich insert sequence that is observed in the PTP catalytic domain of corkscrew. Comparative amino acid analyses illustrated that the SH2 domains of PTP-2 are more closely related to SHP-1, SHP-2, and corkscrew, than those of the adaptor proteins SEM-5 and Grb2 (Fig. 1B) . Overall, PTP-2 did not exhibit any preferential similarity to either SHP-1, SHP-2, or corkscrew. Therefore, we were unable to infer whether PTP-2 regulates PTK signaling positively or negatively simply from its structure.
Isolation of a ptp-2 loss-of-function allele
To investigate the physiological role of PTP-2, we undertook a reverse genetic approach in an attempt to isolate loss-of-function mutations in ptp-2. A PCR-based screen was applied to identify individual worms that carry an insertion of the endogenous transposon Tc1 in the ptp-2 locus (Zwaal et al. 1993; Plasterk 1995) . ptp-2-specific and Tc1-specific primers were used together to screen a frozen worm library of the strain MT3126 (Collins et al. 1987) , which has many active copies of Tc1 within its genome. We detected, and isolated subsequently, individual worms in which Tc1 inserted into the intron between exons 4 and 5 of ptp-2 and will refer to this insertion allele as op193::Tc1 ( Fig. 2A) . Homozygous ptp-2(op193::Tc1) hermaphrodites were phenotypically wild type, which is consistent with previous reports that the vast majority of Tc1 insertions occurring within introns are spliced-out during mRNA processing, leaving the mRNA intact.
Because the op193::Tc1 transposon was still mobile, The full-length ptp-2 cDNA sequence is shown on top and the predicted amino acid sequence is in single letter code below. The numbers at right indicate nucleotides or amino acids. The underlined nucleotides at the start of the ptp-2 cDNA indicate the putative SL1 trans-spliced leader sequence. The underlined amino acids are predicted to constitute the aminoterminal (amino acids 8-116) and carboxy-terminal (amino acids 134-229) SH2 domains. The boxed amino acids (amino acids 516-526) comprise the evolutionarily conserved protein tyrosine phosphatase catalytic core motif (I/V-H-C-X-X-G-X-X-R-S/ T-G). The 5Ј black arrow (nucleotide 882) and the 3Ј black arrow (nucleotide 2260) encompass the boundaries of the ptp-2(op194) deletion in the cDNA, and the protein predicted to be encoded by this truncated cDNA. The actual 5Ј breakpoint occurs within an intron and is not depicted here (see Fig. 2A ). (B) Comparative amino acid sequence analysis. Schematic representation of the wild-type PTP-2 protein is shown on top. The numbers listed below represent the percent identity between the amino-terminal SH2 domain, the carboxy-terminal SH2 domain, and the PTP catalytic domain of PTP-2 and those domains of the human SHP-1 and SHP-2 and Drosophila corkscrew enzymes. The single SH2 domain of the adaptor proteins SEM-5 and human Grb2 were compared to both the amino-and carboxy-terminal SH2 domains of PTP-2. Sequence comparisons were performed using the GCG Bestfit program.
we screened ptp-2(op193::Tc1) hermaphrodites by PCR with primers flanking the insertion in an attempt to detect deletion mutations that arose after imprecise transposon excision (Zwaal et al. 1993; Plasterk 1995) . At a relatively low frequency, imprecise Tc1 excision occurs with 5Ј and/or 3Ј flanking genomic DNA being removed during the process. From a screen of ∼64,000 animals, we identified a single deletion allele, op194, and isolated individual worms carrying this mutation. PCR and sequence analysis of the deletion allele using ptp-2-specific primers indicated that the op194 mutation deletes 1458 nucleotides of the genomic ptp-2 locus, which corresponds to nucleotides 2149-3605 of cosmid F28B12 (Figs. 1A and 2A, B) . This mutation deletes all sequences coding for the carboxy-terminal half of PTP-2 (amino acids 269-668), which includes the entire tyrosine phosphatase catalytic domain of PTP-2.
To confirm that the op194 mutation inhibits the production of wild-type PTP-2, we performed an immunoblot analysis on lysates prepared from either wild-type (N2) or ptp-2(op194) mutant worms (Fig. 2C) . Anti-PTP-2 rabbit polyclonal sera raised against a PTP-2 carboxy-terminal peptide (amino acids 650-667), but not preimmune sera, recognized a protein of ∼72 kD in lysates from N2, but not ptp-2(op194) worms. This immunoreactive protein corresponds closely to the predicted size of PTP-2 (73.5 kD) and confirms the PCR analysis of the ptp-2(op194) deletion allele (Fig. 2B) . Our anti-PTP-2 polyclonal antibodies could not detect the presence of a truncated form of PTP-2 that consists of only the SH2 domains. However, if such a protein is present, it is unlikely to act as a dominant interfering mutant, because ptp-2(op194)/+ heterozygous hermaphrodites are phenotypically wild-type, and ptp-2(op194)/Df transheterozygotes are similar in phenotype to ptp-2(op194) homozygotes (see below).
ptp-2 is required for hermaphrodite fertility
The C. elegans hermaphrodite gonad consists of two Ushaped arms that enclose the germ cells during their development. The most immature germ cells are at the distal tip, and as these cells move proximally they progress through the meiotic cell cycle, resulting in the generation of mature oocytes that await entry into the proximal spermatheca where fertilization occurs (Schedl 1997; Fig. 3A) . ptp-2(op194) homozygous hermaphrodites born of heterozygous mothers appear normal at The proteins predicted to be encoded by the ptp-2(op193::Tc1) (wild-type PTP-2) and ptp-2(op194) (truncated PTP-2) alleles are depicted schematically below. The black region at the carboxyl terminus of the truncated PTP-2 protein depicts the possible addition of 28 amino acids from the fourth intron and 3Ј UTR sequence, as the op194 deletion removes the fourth intron splice acceptor and normal in-frame stop codon. (B) PCR products demonstrating wild-type, op193::Tc1, and op194 alleles. Lanes 2 and 3 show the presence of the insertion allele op193::Tc1 using primer P2 and a transposon-specific primer, but its absence in the wild-type strain N2.
Lanes 5 and 6 demonstrate the wild-type and op194 alleles using PCR primers P1 and P2, respectively. Lanes 1 and 4 are 1-kb ladder DNA markers (M). (C) Immunoblot analysis using anti-PTP-2 polyclonal serum. N2 or ptp-2(op194) protein lysates were blotted with preimmune (left) or immune serum (right). Molecular mass standards are indicated. Arrow denotes the presence of wild-type PTP-2 in the N2 lysate, but not in the ptp-2(op194) lysate when blotting with the immune serum. The ∼57-kD band present in wild-type but not the ptp-2(op194) lysate may result from the degradation of wild-type PTP-2.
hatching and readily grow to adulthood, with all somatic tissues phenotypically wild type. However, such adult animals contain uncharacteristically large oocytes in the germ line (about two to threefold larger than wild type; Fig. 3 ), and show a dramatically reduced brood size, on average ∼10 eggs compared to ∼200 from wild-type hermaphrodites (Table 1 ). The few progeny produced by ptp-2(op194) homozygous mothers all die during embryogenesis or early larval development. Embryonic developmental arrest occurs after the initiation of gastrulation but before any morphogenesis of the embryo (Fig. 3D) . We have observed occasional escapers of this embryonic lethality. These escapers are thin, uncoordinated, and invariably arrest as young larvae (data not shown). However, they do not exhibit the classic ''rod-like'' larval lethal phenotype observed in let-60 ras, sem-5, and lin-45 mutants (data not shown). From these observations we conclude that the loss of ptp-2 function results in the generation of large oocytes, a zygotic semisterile phenotype, as well as a fully penetrant maternal effect lethality. All three phenotypes could be the result of defective oogenesis. Alternatively, the embryonic or larval lethality might reflect the involvement of PTP-2 in distinct events during embryogenesis and larval development.
To examine whether ptp-2(op194) behaves like a genetic null mutation, we placed ptp-2(op194) in trans to maDf4 II, a deficiency (Df) that deletes the entire ptp-2 locus. We observed that maDf4/ptp-2(op194) hermaphrodites were qualitatively similar to op194/op194 hermaphrodites in that they generated only a few fertilized eggs and no viable progeny. Some escapers of this embryonic lethality were noted; however, they arrested dur- ing larval development, which is similar to the F 1 escapers from ptp-2(op194) homozygotes (Table 1; 
data not shown). Moreover, after the mating of ptp-2(op194) unc-4(e120)/clr-1(e1745) dpy-10(e128) II males to maDf4/ dpy-10(e128) unc-104(e1265) II hermaphrodites, we isolated equal numbers of ptp-2(op194) unc-4(e120)/ maDf4 and ptp-2(op194) unc-4(e120)/dpy-10(e128)
unc-104(e1265) II cross-progeny hermaphrodites (see Materials and Methods), indicating that ptp-2(op194) in trans to maDf4 does not result in an increase in zygotic lethality. Because ptp-2(op194)/maDf4 hermaphrodites show the same range of defects as the op194/op194 homozygotes, this result is consistent with the hypothesis that the op194 mutation eliminates PTP-2 function completely.
To rule out the possibility that a mutation closely linked to ptp-2(op194) contributes to the observed mutant phenotypes, we attempted to rescue these defects through germ-line transformation (Mello and Fire 1995) . To this end, we microinjected hermaphrodites heterozygous for ptp-2(op194) [genotype: ptp-2(op194) unc-4(e120)/dpy-10(e128) unc-104(e1265) II] with cosmids containing wild-type genomic ptp-2 and the plasmid pRF4 (Kramer et al. 1990 ). Rescue was defined by the ability of an individual cosmid to allow the establishment of a fertile obligate-transgenic line of the genotype ptp-2(op194) unc-4(e120) II; ; pRF4]. We were able to generate stable lines of this genotype with all three ptp-2-containing cosmids tested, F59G1, C52G9, and F28B12, and found that each rescued all of the ptp-2(op194) conferred phenotypes (Fig. 4) . As a control we also microinjected the cosmid F38A3 that contains the gene ptp-1, which encodes a receptor-like PTP (M. Gutch, N. Tonks, and M. Hengartner, unpubl.). However, F38A3 failed to rescue any of the mutant defects (data not shown). Because ptp-2 is the only complete gene within the ∼4.2 kb of sequence common to F59G1, C52G9, and F28B12, the phenotypes we observed can likely be attributed to a loss of PTP-2 function and not a closely linked mutation.
Genetic interaction between PTP-2 and LET-60 Ras during oogenesis
Molecular studies on the EGFR signaling pathway demonstrated that mammalian SHP-2 functions upstream of, or in parallel to, Ras (Bennett et al. 1996) . These results are consistent with genetic studies on torso R-PTK signaling, where activated p21 v-ras rescued corkscrew null mutations (Lu et al. 1993 ). However, corkscrew may also function downstream of or in parallel to Ras, as signaling by the sevenless R-PTK requires corkscrew function even in the presence of activated Ras or activated Raf (Allard et al. 1996) .
To determine whether a relationship exists between ptp-2 and let-60 ras during C. elegans oogenesis, we generated double mutants with gain-of-function let-60 ras alleles and assessed their brood sizes and ability to generate viable offspring ( Table 1 ). The let-60(gf) ras alleles n1046 and n1700 both encode a constitutively active Ras protein caused by a point mutation converting the amino acid glycine to glutamic acid at position 13 (Beitel et al. 1990 ). We observed almost complete rescue of the zygotic semisterile and maternal effect lethal phenotypes of ptp-2(op194) using either the let-60 (n1046) ras or let-60 (n1700) ras alleles. Loss-of-function mutations in let-60 ras can result in sterility because germ cells fail to exit from the pachytene stage of meiosis I, inhibiting the generation of mature oocytes (Church et al. 1995) . To investigate whether PTP-2 and LET-60 Ras may cooperate to promote exit from pachytene, we generated the double mutant with ptp-2(op194) and the weak loss-offunction allele let-60(n2021), which alone causes no germ-line phenotype. Interestingly, all ptp-2(op194) II; let-60(n2021) IV double mutant hermaphrodites arrested developmentally as rod-like larval animals (data not Figure 4 . Rescue of the ptp-2(op194) phenotypes by germ-line transformation. YAC filter hybridization and sequence analysis by the C. elegans genome sequencing project placed ptp-2 ∼10 kb to the right of lin-4 (top). Cosmids containing wild-type genomic ptp-2 and the plasmid pRF4, which contains the marker mutation rol-6(su1006), were microinjected into ptp-2(op194) unc-4(e120)/dpy-10(e128) unc-104(e1265) II adult hermaphrodites in an attempt to establish fertile obligate-transgenic lines (see Materials and Methods). Numbers to the right indicate the number of rescued lines/number of stable transgenic lines established. Of the cosmids microinjected, the relative boundaries of the F59G1 3Ј end and F28B12 5Ј end were confirmed by PCR; however, the exact boundaries of C52G9, the 5Ј end of F59G1, and 3Ј end of F28B12 are approximated. (Aroian and Sternberg 1991; Aroian et al. 1994) . One negative regulator of vulval induction is lin-15, a gene that functions genetically upstream of let-23 (Clark et al. 1994; Huang et al. 1994) . Mosaic analysis demonstrated that LIN-15 does not function in the VPCs, but in the neighboring hypodermal syncytial cell hyp7, which makes extensive contacts with the VPCs (Herman and Hedgecock 1990) . Hermaphrodites carrying loss-of-function mutations in lin-15 are Muv, possibly attributable to the inappropriate activation of LET-23 in the six VPCs. However, the precise mechanism of negative regulation of vulval induction by LIN-15 remains unclear.
To test the possibility that PTP-2 might also regulate LET-23 signaling during vulval development, we generated double mutants between ptp-2(op194) and various mutations affecting vulval induction. We observed that a loss of PTP-2 activity reduced the penetrance of the Muv phenotype conferred by either of two lin-15 loss-of-function (lf) alleles (Fig. 5A,B and Table 2 ). Between 30% and 40% of the ptp-2(op194) II; lin-15(lf) X double mutant hermaphrodites exhibited complete suppression of the Muv phenotype. The remaining 60-70% showed a significant reduction in the size of the protruding pseudovulvae (data not shown). We also examined the effect of the ptp-2(op194) mutation on the Muv phenotype conferred by the gain-of-function mutations let-23(sa62) and let-60(n1046) or let-60(n1700) ( Table 2 ). The loss-offunction mutation in PTP-2 was also able to reduce significantly the penetrance of the Muv phenotype caused by an activating mutation in LET-60 Ras (Fig. 5C,D and Table 2 ). A point mutation in the extracellular domain of LET-23, which converts amino acid cysteine 359 to tyrosine, results in a constitutively active form of this R-PTK and a semidominant Muv phenotype (Katz et al. 1996) . Hermaphrodites homozygous for ptp-2(op194) let-23(sa62) unc-4(e120) II had a slight, but statistically significant, reduction in the Muv phenotype (96% vs. 79%), when compared to let-23(sa62) unc-4(e120) II homozygous hermaphrodites. Interestingly, the protruding pseudovulvae in the Muv ptp-2(op194) let-23(sa62) unc-4(e120) II homozygotes were also greatly reduced in size, similar to the small pseudovulvae observed in ptp-2(op194) II; lin-15(lf) X homozygotes (data not shown). Equally important, we did not detect any suppression of the Muv phenotype induced by a loss-of-function mutation in another negative regulator of vulval development, lin-1, which encodes a putative ETS DNA-binding domain transcription factor that acts downstream of LET-60 Ras (Beitel et al. 1995) . The sterility and low brood size conferred by ptp-2(op194) was not altered when placed in the background of the lin-15(lf), let-23(gf), or lin-1(lf) mutations (data not shown).
We also examined L3/L4 larval animals to assess the extent of VPC induction in these mutant backgrounds (Table 2) . Animals containing either of the lin-15(lf) mutations showed a strong induction (5.0-5.8 VPCs per hermaphrodite), whereas let-23(sa62) and let-60(n1046) or let-60(n1700) were observed to induce the VPCs to a lesser extent (3.7-4.5 VPCs per hermaphrodite). In general, ptp-2(op194) was able to reduce the number of VPCs induced per animal by the lin-15(lf), let-23(gf) , and let-60(gf) mutations, which is consistent with partial suppression of the Muv phenotype by ptp-2(op194).
Finally, we investigated whether the loss-of-function mutation in PTP-2 would affect the extent of vulval induction when combined with a weak loss-of-function mutation in SEM-5. SEM-5 is a SH3-SH2-SH3 domaincontaining adaptor protein that is essential for proper transmission of the LET-23 inductive signal in the VPCs, as strong loss-of-function mutations in SEM-5 are almost completely Vul (Clark et al. 1992 ). The weak sem-5(n1779) allele, which contains a point mutation converting Glu to Lys in the SH2 domain, results in 11% Vul hermaphrodites. Significantly, we observed that the penetrance of the Vul phenotype conferred by sem-5(n1779) was enhanced from 11% to 74% when placed in the background of the ptp-2(op194) mutation ( Fig. 5C ; Table 3 ). Therefore, our interpretation of these results is that PTP-2 functions as a positive mediator of LET-23 R-PTK signaling during vulval development.
Effect of ptp-2 on vulval cell fates
The nematode vulva develops from six VPCs, P3.p-P8.p.
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In wild-type hermaphrodites, P6.p invariantly adopts the 1°fate, P5.p and P7.p adopt a 2°fate, and P3.p, P4.p, and P8.p adopt the nonvulval or 3°fate (Sternberg and Horvitz 1989) . Morphologically, the 1°fate consists of eight cells that form a symmetrical arch and detach from the ventral hypoderm. The 2°lineage comprises seven cells and an asymmetrical appearance, with the three cells proximal to P6.p detaching from the ventral hypoderm and the four cells distal to P6.p attached ventrally. The 3°fate is where the VPC divides only once, with one of the daughter cells eventually fusing with the ventral hypoderm. In hermaphrodites with mutations in vulval development genes, two nonclassic lineages have been described (Katz et al. 1995) . The intermediate lineage contains a variable number of cells and exhibits characteristics of both the 1°and 2°fates. A half-vulval lineage occurs when one VPC daughter cell fails to divide, adopting the 3°fate, whereas the other daughter cell divides twice and displays some morphogenesis.
We examined L3 larval hermaphrodites to determine the effect of ptp-2(op194) on the vulval cell lineages (Table 4) . In a wild-type background, ptp-2(op194) did not alter the invariant 3°-3°-2°-1°-2°-3°pattern of vulval cell lineages. lin-15(lf) or let-60(gf) mutations, which result in Muv phenotypes, convert the 3°lineage adopted normally by P3.p, P4.p, and P8.p to 1°, 2°, half-vulval, or intermediate lineages. In ptp-2(op194); lin-15(lf) and ptp-2(op194); let-60(gf) double mutants, the loss-of-function ptp-2(op194) mutation predominately reverted the induction of P3.p, P4.p, and P8.p to the 3°fate, and less frequently to the half-vulval cell fate. Moreover, adoption of the 3°fate by P5.p, P6.p, and P7.p was also observed in ptp-2(op194); sem-5(n1779) double mutants. We conclude that the ability of ptp-2(op194) to suppress the Muv phenotype of lin-15(lf) or let-60(gf) mutations, and enhance the Vul phenotype of sem-5(n1779), results primarily from an abrogation of VPC induction that is likely a consequence of a reduced level of inductive signal transmitted within the VPCs, and not from altered morphogenesis after VPC induction, which prevents formation of ectopic pseudovulvae or a normal vulva.
Discussion
Studies of signaling pathways in humans, mice, Xenopus, and Drosophila have revealed that SHPs are essential for the proper transmission of R-PTK-initiated signals. In this report we have described the cloning and initial characterization of ptp-2, a C. elegans gene that encodes a SH2 domain-containing PTP. Generation of a ptp-2 loss-of-function allele, op194, revealed an essential role for PTP-2 activity during oogenesis. Functionally, PTP-2 is likely to act as a positive mediator of tyrosine kinase-initiated signals during this aspect of development, as an activated let-60 ras suppressed all defects associated with a loss of ptp-2 function. Furthermore, genetic analyses indicated that ptp-2(op194) reduced the penetrance of the Muv phenotype and VPC induction conferred by lin-15 (lf), let-23(gf) , and let-60(gf) mutations, and enhanced the Vul phenotype of a weak sem- 5(lf) allele, indicating that PTP-2 also participates in the regulation of signal transduction during vulval development.
ptp-2 function during germ-line development
Oogenesis in C. elegans proceeds as the germ cells migrate proximally from the distal tip of the gonad (Schedl 1997) . As these cells move proximally, they progress through the meiotic cell cycle, which continues until the pachytene stage of meiosis I, at which point the germ cells arrest until they reach the flexure (bottom of the U) of each gonadal arm. Exit from pachytene (when bivalent, homologous chromosomes are closely aligned) to diakinesis (when chromosomes recondense) requires the activity of the genes let-60 ras, mek-2/let-537, and mpk-1/sur-1 (Church et al. 1995) . We have shown here that ptp-2 is required for proper C. elegans oogenesis. Hermaphrodites homozygous for ptp-2(op194) display abnormally large oocytes, about two to three times the size of mature wild-type oocytes. Moreover, on average ptp-2(op194) hermaphrodites only produce ∼10 abnormally large fertilized embryos, of which the majority do not hatch. These phenotypes can be attributed solely to a reduction in PTP-2 function, as they were absent in animals transgenic for any one of three overlapping cosmids, which contained only ∼4.2 kb of genomic sequence in common, where the only complete gene in this region is ptp-2. Thus, PTP-2 is an essential component of a signaling cascade that regulates normal oogenesis.
Several observations suggest that the ptp-2(op194) germ-line defects likely reside within the presumptive oocytes. First, that ptp-2(op194) hermaphrodites can generate self-progeny indicates that these animals do contain functional sperm. Second, inspection of homozygous ptp-2(op194) hermaphrodites and males by DAPI staining and Nomarski microscopy indicated wild-type morphology, numbers, and appropriate location of sperm (data not shown). Third, the inability of wild-type males to increase the generation of embryos when mated to ptp-2(op194) hermaphrodites is consistent with defects in oogenesis (data not shown). Finally, defects in sperm that reduce fertilization efficiency would likely lead to the laying of unfertilized oocytes, which we do not observe. Our interpretation of these observations is that defects in oogenesis are the primary cause of the limited generation of embryos by ptp-2(op194) hermaphrodites. However, we did notice that ptp-2(op194) homozygous males fail to sire any cross-progeny when mated to appropriately marked hermaphrodites. Because both germ line and sperm appear normal in ptp-2(op194) males (as detected by Nomarski microscopy; data not shown), this sterility may indicate a requirement for PTP-2 function for the generation of male-specific structures needed for mating, or for proper male mating behavior.
Currently, we are not sure why ptp-2(op194) hermaphrodites produce such limited numbers of embryos, given that the distal germ line appears wild type. DAPI stain- unc-4(e120) II; lin-1(e1275) IV and ptp-2(op194) unc-4(e120) II; lin-1(e1275) IV are subviable strains due to the rupture of the pseudovulvae prior to the generation of self-progeny in the majority of the animals. The Muv phenotype was inferred from the observance of ruptured pseudovulvae in these animals. Clark et al. (1992) . Wild-type (N2) and ptp-2(op194) adult hermaphrodites were examined by dissecting microscope for retention of eggs. The ptp-2(op194) II; sem-5(n1779) X double mutant hermaphrodites generated very few fertilized eggs; therefore, vulval induction was scored in early adult hermaphrodites by Nomarski microscopy.
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ing of ptp-2(op194) hermaphrodites did reveal some minor germ-line irregularities, such as occasional clumping of pachytene nuclei (data not shown), which is somewhat reminiscent of the germ lines of animals that contain mutations that block pachytene exit (Church et al. 1995) . Thus, one possibility is that loss of PTP-2 activity may result in an incomplete block of pachytene exit, and the few abnormally sized oocytes that develop may be occasional escapers of this block. Such dysregulated or delayed exit from the meiotic pachytene stage could reduce brood size, and may also affect the size of the presumptive oocytes in the ptp-2(op194) mutants. The hypothesis that PTP-2 participates in a cascade that signals to exit from pachytene arrest is consistent with the ability of hyperactivated Ras to rescue the oogenesis defects caused by loss of PTP-2 function. However, it is equally possible that PTP-2 and LET-60 Ras also function in distinct signaling pathways during oogenesis, which contributes to the generation and size of mature oocytes.
ptp-2 participates in signaling during vulval development
Genetic screens for mutations that confer a Vul phenotype identified loss-of-function mutations in lin-3, a gene that encodes a transmembrane EGF motif containing protein expressed by the anchor cell during the time of vulval induction (Hill and Sternberg 1992) . Interaction of LIN-3 with the LET-23 R-PTK on the surface of the P6.p VPC activates subsequently a signaling pathway, which is transmitted through SEM-5, LET-60, LIN-45, MEK-2/LET-537, and MPK-1/SUR-1 (for review, see Kornfeld 1997 ). This inductive signaling pathway ultimately affects the activity of the proteins LIN-1 (Beitel et al. 1995) , LIN-25 (Tuck and Greenwald 1995) , LIN-31 (Miller et al. 1993) , and SUR-2 (Singh and Han 1995) , resulting in changes in gene expression and the proper specification of vulval and nonvulval cell fates. Hermaphrodites homozygous for ptp-2(op194) do not VPC divisions and adherence to ventral hypodermis were examined at the mid-L3 larval stage, L3 molt, and mid-L4 larval stage. VPC fates from representative hermaphrodites were classified as outlined in the text and as described in Sternberg and Horvitz (1989) and Katz et al. (1995) . Abbreviations represent VPC division axes and include L (lateral), T (transverse), O (oblique), N (no division), and D (did not observe). Adherence to the ventral hypodermis is indicated by boldface type (i.e., L). A solid box (unshaded) denotes a primary (1°) fate, a dashed box (unshaded) denotes a secondary (2°) fate, S (syncytial) indicates the tertiary (3°) or nonvulval cell fate, a dashed and shaded box denotes an intermediate fate, and a solid and shaded box denotes a half-vulval fate. Each line represents the vulval lineage from a single hermaphrodite.
exhibit any overt vulval defects, indicating that the LIN-3-induced, SEM-5-mediated signal transduction pathway is functional in the absence of PTP-2. Furthermore, lineage analysis indicated that ptp-2(op194) alone also does not alter lateral signaling between the VPCs, as the 3°-3°-2°-1°-2°-3°pattern was always observed. However, ptp-2(op194) did increase the penetrance of the Vul phenotype of a weak sem-5(lf) allele and in addition reduced the penetrance of the Muv phenotype conferred by lin-15(lf), let-23(gf) , and let-60 ras(gf) mutations. These results imply that PTP-2 does participate in transmitting at least some signaling downstream from LET-23. Although the exact contribution of this PTP-2-regulated signal to vulval development remains to be established, our data seem to favor a role for PTP-2 in regulating the signals that lead to induction of the VPCs. Examination of VPC induction and lineage analysis of the ptp-2(op194) double mutants indicated that enhancement of the Vul phenotype, as well as the suppression of the Muv phenotype, was primarily through conversion of induced (1°and 2°) lineages to the 3°or uninduced vulval cell fate. Such reduced VPC induction, and not an alteration of induced VPC morphogenesis, in the ptp-2(op194) double mutants is consistent with a reduction in signaling that normally initiates this developmental program. To our knowledge, ptp-2(op194) is the first described mutation that is epistatic to lin-15(lf) mutations, but does not exhibit vulval defects on its own; previously described suppressors of the lin-15(lf) conferred Muv, including loss-of-function mutations in let-23, sem-5, and let-60 all yield Vul phenotypes in an otherwise wild-type background (Beitel et al. 1990; Aroian and Sternberg 1991; Clark et al. 1992 ).
Models for ptp-2 signaling
Our genetic analyses suggest that PTP-2 participates in regulating cell signaling during several aspects of C. elegans development. The most visible role of ptp-2 appears to be during oogenesis, as ptp-2(op194) mutants are almost completely sterile. Mechanistically, how might PTP-2 function to promote oogenesis? The let-23(sy10) hypomorphic allele also results in sterile hermaphrodites. In these animals, ovulation defects caused by a lack of a functional spermatheca results in an endomitotic oocyte (Emo) phenotype (Aroian et al. 1994) . Because ptp-2 mutants do not exhibit any Emo defect, we favor a model where PTP-2 functions downstream of a yet uncharacterized R-PTK or PTK in the germ line (Fig.  6A) . Moreover, the inability of the hypermorphic let-23(sa62) allele to rescue the sterility and low brood size of ptp-2(op194) also favors a model where an uncharacterized R-PTK/PTK functions to promote oogenesis. A possible candidate may be a homolog of the murine c-kit R-PTK, which has been shown to be expressed in developing oocytes during the diplotene stage (Manova et al. 1993) . Because the cell lineages requiring ptp-2 expression have not yet been determined, we cannot rule out the possibility that PTP-2 contributes to oocyte development by functioning downstream of a R-PTK or PTK in cells other than the germ line, such as the somatic gonad. Our genetic analyses with let-60 ras(gf) alleles demonstrated that hyperactivated Ras can rescue completely the zygotic semisterile/maternal effect lethal phenotype of ptp-2(op194). Church et al. (1995) have shown previously that let-60 ras, mek-2/let-537, and mpk-1/sur-1 are required for hermaphrodite fertility, specifically for exit from pachytene arrest in meiosis I. Although ptp-2 is also essential for fertility, the germ-line phenotype that results from ptp-2(op194) differs somewhat from the classic pachytene arrest phenotype, which could indicate that these genes are contributing to the regulation of distinct signaling pathways during oogenesis. Alternatively, as alluded to above, ptp-2(op194) may yield an incomplete pachytene arrest phenotype. Thus, PTP-2 may regulate signals downstream from a R-PTK or PTK, which leads to the activation of LET-60 Ras, MEK-2/ LET-537, and MPK-1/SUR-1 and release from pachytene arrest to diakinesis.
With respect to PTP-2 function during vulval development, we have shown that ptp-2(op194) is epistatic to lin-15(lf), let-23(gf), and let-60(gf) mutations. Furthermore, the weak Vul phenotype of sem-5(n1779) was enhanced significantly by ptp-2(op194). On the basis of PTP-2 may lead directly to the activation of the Ras, MEK, and MAPK cascade, or to the activation of an uncharacterized signaling pathway that is required for proper oogenesis. During vulval development, PTP-2 appears to be acting as a positive regulator of LET-23 signaling, functioning downstream of or in parallel to LET-60 Ras, and in a pathway that cooperates with SEM-5. All genes known to participate in the regulation of vulval induction are not shown, and this model does not intend to imply that ptp-2 does not interact with these genes, but rather that such putative relationships are yet to be defined.
these results, we propose that PTP-2 functions downstream of LET-23 in the inductive signaling pathway as a positive regulator of signal transduction (Fig. 6B ). PTP-2 may act through a direct association with a putative phosphotyrosine-containing motif, pY-T-A-V, in the cytoplasmic tail of LET-23, which is identical to the motif present in the PDGF-␤ R-PTK that is bound by SHP-2 (Kazlauskas et al. 1993; Lechleider et al. 1993b) . Mutagenesis studies have indicated that the pY-T-A-V motif is not essential for normal vulval development (Lesa and Sternberg 1997) , which would be consistent with PTP-2 acting through this site, contributing to the ''strength'' or ''intensity'' of the inductive signal. It is important to note that the relationship between PTP-2 and LET-60 Ras differs between oogenesis and vulval development. During oogenesis, activated LET-60 Ras rescues the defects arising from the loss of PTP-2, indicating PTP-2 functions upstream of, or in parallel to, LET-60 Ras. However, during vulval development our results indicated that PTP-2 functions in a pathway that likely functions downstream of, or in parallel to, LET-60 Ras.
It is intriguing that PTP-2 functions as an essential signaling molecule during oogenesis, and only as a supporting component during vulval development. This differential requirement for ptp-2 activity may reflect mechanistic differences in PTP-2 function that are governed by the precise upstream PTK or R-PTK, the complement of intracellular phosphotyrosine-containing signaling molecules, or both. Alternatively, this differential requirement may indicate the presence of a redundant signaling pathway within the VPCs, which is not found in the developing oocytes. The identification of PTP-2 substrates should increase our understanding of SH2 domain-containing PTPs and their contributions to aspects of cell signaling, differentiation, and development.
Materials and methods
General methods and strains
All nematode strains were maintained and manipulated using standard procedures at 20°C (Brenner 1974) . Wild-type C. elegans corresponds to Bristol strain N2. All alleles not described here are described in Riddle et al. (1997) . The following alleles were used in this study: (LGI) mut-2(r459); (LGII) mC6 (generous gift of M. Edgley and D.L. Riddle, University of Missouri, Columbia), maDf4, clr-1(e1745), ptp-2(op193::Tc1) (this study), ptp-2(op194) (this study), dpy-10(e128), unc-104(e1265), let-23(sa62) (generously provided by P.W. Sternberg, Caltech, Pasadena, CA), ; (LGIII) dpy-19(n1347); (LGIV) lin-1(e1275), let-60(n1046, n1700, n2021) ; (LGV) him-5(e1490); (LGX) sem-5(n1779), lin-15(n765, n309) .
Identification and cloning of ptp-2
To isolate C. elegans PTPs, degenerate PCR primers were designed based on the KCAQYWP and HCSAGIG motifs present in all PTP catalytic domains. The primers [nucleotides in parentheses represent degeneracy at that position (I = inosine)] 5Ј-ggatccAA(GA)TG(TC)GC(GATC)CA(GA)TA(TC)TG-GCC and 5Ј-gaattcCC(GTA)ATICC(GATC)GC(AG)CT(AG)-CA(AG)TG were used in a PCR reaction with 300 ng of wildtype (N2) genomic DNA. Fifty-two PCR-amplified inserts were subcloned and sequenced using standard techniques with one clone, ce17, pursued further (Sambrook et al. 1989) . Independently, the C. elegans genome sequencing project identified a putative SH2 domain-containing PTP on cosmid F59G1 (Waterston et al. 1993) , which was confirmed to contain the sequence of the PCR-amplified fragment ce17. To isolate the fulllength ptp-2 cDNA, the oligonucleotides 5Ј-GAATTGCTCA-AAGAGTATGGCG and 5Ј-GCGGAAATTACGAGAGCTCC-TGG were used to amplify by PCR a 504-bp fragment from the cosmid F59G1. The PCR-amplified product was used to screen a C. elegans ZAP mixed-stage cDNA library (gift of R. Barstead, Oklahoma Medical Research Foundation, Oklahoma City) using standard techniques (Sambrook et al. 1989 ). Approximately 300,000 plaques were screened and 20 positively hybridizing plaques were picked. pBluescript SK phagemid vectors containing the cDNA inserts were isolated subsequently (Stratagene). The insert ends of 13 of these clones, which appeared to contain identical insertions of 2.8 kb after an EcoRI restriction digest, were sequenced using T3 and T7 primers on an ABI373A sequencer, as suggested by the manufacturer. Complete sequencing of potential full-length clones was subsequently performed with a variety of synthesized oligonucleotide primers.
Identification and isolation of a ptp-2 loss-of-function allele
To generate a loss-of-function mutation in ptp-2, we used the Tc1 transposon technique developed by Zwaal et al. (1993) , with minor modifications. Briefly, a frozen library containing 2880 independent cultures of the strain MT3126 was established, and DNA was prepared and pooled from all samples. To identify a Tc1 insertion in ptp-2, we synthesized the nested ptp-2-specific genomic oligonucleotide primer pairs ce17-1/P1:5Ј-GCAAGT-CAACACATACCAGG, ce17-2:5Ј-CAAGATCCAAGTACTG-GAAG, and ce17-3:5Ј-GAAACACGCGAGTATTGC, ce17-4/ P2:5Ј-CGGTGGCATTCTACCTG. These primers were used in conjunction with the Tc1-specific nested PCR primer pairs to screen the pooled DNA samples from the frozen MT3126 library. After identification of a putative Tc1 insertion in ptp-2 after the third dimension screen, individual worms harboring this insertion were isolated as described by Zwaal et al (1993) . After the identification of a single worm that is positive for the Tc1 insertion, homozygosity was determined by selecting 24 self-progeny siblings for single worm PCR, where 24 positives allows for the assumption that the insertion is homozygous.
Because hermaphrodites homozygous for op193::Tc1 were phenotypically wild type, we undertook a second PCR-based screen to identify deletions that arose after transposon excision, as described by Zwaal et al. (1993) . The PCR oligonucleotide primers ce17-1/P1 and ce17-4/P2 were used to screen DNA lysates prepared from 64 10-cm plates of homozygous op193::Tc1 hermaphrodites. One lysate contained a strong PCRamplified signal of ∼1.4 kb, in contrast to the 2.7-kb between 17-1/P1 and 17-4/P2 for wild-type ptp-2 or the 4.2-kb for ptp-2(op193::Tc1). Individual worms carrying the putative deletion (referred to as op194) were isolated as described by Zwaal et al (1993) . To eliminate the mut-2 allele on Chr. 1 and additional Tc1 mutations from this strain, hermaphrodites carrying the op194 allele were backcrossed to N2 ten times. The exact boundaries of the transposon-mediated deletion was determined by sequence analysis. The ptp-2(op194) deletion allele contained a 1458-bp deletion, corresponding to nucleotides 2149-3605 of the cosmid sequence F28B12.
Generation of anti-ptp-2 rabbit polyclonal antibodies and Western blot analysis
Two NZW rabbits were immunized with a peptide corresponding to amino acids 650-667 of PTP-2. Before injection, the peptide was coupled to Keyhole Limpet Hemocyanin (Pierce) with SPDP (Pharmacia), and injected subsequently at an approximate peptide concentration of 200 µg per injection per rabbit with complete Freund's adjuvant to improve the immune response (Harlow and Lane 1988) . The immunized rabbits were boosted every 3 weeks with an approximate peptide concentration of 100 µg per injection per rabbit in incomplete Freund's adjuvant. Before all injections, 10 ml of serum was obtained from each rabbit for preimmune controls.
Protein lysate for immunoblot analysis was prepared by picking 100 N2 or ptp-2(op194) adult hermaphrodites into 100 µl of M9 buffer in a 500-µl eppendorf tube. Worms were washed three times with M9 buffer, with the worms being allowed to settle between each wash. After the last wash, the M9 supernatant was aspirated and 50 µl of 2× SDS/PAGE sample buffer containing 5% ␤-mercaptoethanol was added to the washed worms and placed at 95°C for 5-10 min. Samples were centrifuged and soluble protein lysates were subjected to 10% SDS-PAGE. The resolved protein lysates were transferred to PVDF (Immobilon) and the blots stained with Ponceau S to confirm equal loading of lysate and efficient transfer to the membrane. Protein blots were blocked with 5% milk/1× TTBS [20 mM Tris (pH 8.0), 150 mM NaCl, 0.2% Tween 20] for 1 hr at room temperature, followed by the addition of preimmune or immune serum to the blots at a dilution of 1:100. The blots were incubated for 4 hrs at room temperature, washed with 1× TTBS, and incubated with a goat anti-rabbit HRP-conjugated monoclonal antibody (Cappel) at a dilution of 1:4000 for 30 min at room temperature. Immunoreactive proteins were detected using ECL (Amersham) followed by exposure to film (Kodak Bio-Max).
Germ-line transformation
Germ-line transformation experiments were performed essentially as described by Mello and Fire (1995) . A mixture of a cosmid and the plasmid pRF4, which contains the dominant transformation marker mutation rol-6(su1006) (Kramer et al. 1990) , were injected into early-adult hermaphrodites of the phenotype ptp-2(op194) unc-4(e120)/dpy-10(e128) unc-104(e1265) II. The cosmids F59G1, C52G9, and F38A3 were injected at a concentration of 10 ng/µl, F28B12 at 2 ng/µl, and pRF4 at 50 ng/µl. F 2 Rol animals containing an array of genomic ptp-2 and pRF4 were designated Ex [ptp-2(+); rol-6(su1006) ], and rescue of the maternal effect semisterile/lethal phenotype was defined by the establishment of a fertile line of the genotype ptp-2(op194) unc-4 (e120); Ex [ptp-2(+); rol-6(su1006) ].
Genetic analyses
Because the ptp-2(op194) mutation cannot be maintained as a homozygous strain, the ptp-2(op194) mutation was placed in trans to mC6, which balances the left arm of Chr. II. mC6 is a putative intrachromosomal rearrangement, marked with dpy-10(e128). Because mC6 [dpy-10(e128) ] II is homozygous viable, ptp-2(op194)/mC6 [dpy-10(e128)] II heterozygous hermaphrodites are maintained by selecting wild-type animals that yield both sterile and Dpy F 1 self-progeny.
Double mutants between ptp-2(op194) and other mutations were generated using standard genetic methods. When necessary, the presence of the op194 allele was confirmed by single worm PCR analysis.
To generate ptp-2(op194) unc-4(e120) II; sem-5(n1779) X mutants, ptp-2(op194) unc-4(e120)/mC6 II; him-5(e1490) V males were crossed to clr-1(e1745) II; sem-5(n1779) X hermaphrodites, with wild-type F 1 hermaphrodites selected to individual plates. Cross progeny F 1 hermaphrodites that generated wild type, Clr, and Ste-Unc were identified, with wild-type F 2 hermaphrodites selected to individual plates. F 2 hermaphrodites that generated wild-type, Vul, Ste-Unc, but no Clr progeny [sem-5(n1779) suppresses clr-1(e1745)], were selected for analysis and maintained by picking Vul hermaphrodites that generate Ste-Unc self-progeny. The presence of ptp-2(op194) was confirmed by PCR.
To generate the ptp-2(op194) let-23(sa62) unc-4(e120) II recombinant, ptp-2(op194)/let-23(sa62) unc-4(e120) II hermaphrodites (phenotypically wild type) were generated and 100 MuvUnc self-progeny selected to individual plates. Three Muv-Unc F 1 hermaphrodites were identified that generated Muv-Unc, Ste-Muv-Unc, and Ste-Unc F 2 self-progeny. Because let-23(sa62) confers a semidominant Muv, we confirmed that ptp-2(op194) recombined with let-23(sa62) unc-4(e120) and not with unc-4(e120), by balancing the recombinant chromosome II over mC6, and being unable to separate a Muv-Unc phenotype [from let-23(sa62) unc-4(e120) 
Fertility and brood analysis
To quantitate fertility, individual hermaphrodites were placed onto single plates and observed for the generation of viable selfprogeny. If no viable progeny were observed over a 7-day period, the hermaphrodite was classified as sterile. Brood size was determined by placing individual hermaphrodites on single plates, with replating to a new plate every 12-18 hr, followed by counting the eggs and larvae (viable and nonviable) that remained. For let-60(n1700), under our growth conditions the pseudovulvae frequently ruptured lowering the average brood, hence this reduction should not be attributed to abnormal germ lines in these animals. To generate maDf4/ptp-2(op194) unc-4(e120) II hermaphrodites, ptp-2(op194) unc-4(e120)/clr-1(e1745) dpy-10(e128) II males were mated to maDf4/dpy-10(e128) unc-104(e1265) II hermaphrodites, and all wild-type hermaphrodites cloned to individual plates. From two independent crosses, 22 maDf4/ptp-2(op194) unc-4(e120) II and 22 ptp-2(op194) unc-4(e120)/dpy-10(e128) unc-104(e1265) II cross-progeny hermaphrodites were identified, indicating no enhanced zygotic lethality is associated with ptp-2(op194) in trans to maDf4.
Analysis of vulval development
To assess effects of the ptp-2(op194) mutation on the Muv phenotype, eggs and L1 larvae from the selected strains were transferred individually to new plates (∼10/plate), and 48-72 hr later examined by dissecting microscope. For the VPC induction analysis, L3/L4 hermaphrodites were placed onto 2% agarose pads (∼10/pad) in a small amount of 10 mM sodium azide to anesthetize the animals. Induction of the VPCs was examined using Nomarski optics on a Zeiss axioplan microscope at 1000× magnification. Hermaphrodites selected for VPC lineage analysis were prepared as described in Sulston and Horvitz (1977) except that nail hardener was used to seal the coverslip to prevent dehydration. Hermaphrodites in the third larval stage were selected for analysis, and animals with VPCs at the four-cell stage or slightly beyond (some divisions in progress) lineaged using Nomarski optics on a Zeiss axioplan microscope at 1000× magnification. VPC fates were classified according to Sternberg and Horvitz (1989) and Katz et al. (1995) .
